activity (A T ) through octanol-water partition experiment or solubility technique at saturation condition. This study examined the feasibility of the silicone polymer uptake method for determination of A T of corticosterone (CS)-as a model lipophilic drug-in hydroxypropyl beta cyclodextrin (HPCD). Commercial medical grade silicone rubber sheets were used first in the study then replaced by prepared silicone discs to ensure the validity of CS partition data obtained in silicone/phosphate buffered saline (PBS) system in absence and presence of HPCD. In cases of saturation and unsaturation with trace level radioactive corticosterone ( 3 H-CS), the Kc was measured. It was the same at saturation as well as lower drug concentration, and in correlation with that measured by solubility technique at saturation. However, the Kc measured by silicone method deviated from that obtained from octanol/ phosphate buffered saline partition experiment due to possible interaction between HPCD as a complexing agent with lipophilic cavity and the organic phase (octanol). The measured A T values were in agreement with those determined by octanol and solubility methods. This study has clearly shown the validity of the silicone polymer uptake method for the direct determination of CS thermodynamic activity in CS/ HPCD inclusion complex.
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In light of prediction of extent of drug molecules that cross biological membranes in drug-complex system, there is a need to re-evaluate the old concept of measuring the binding constant of complexation (Kc) and consequently the drug thermodynamic
INTRODUCTION
Previous studies 1&2 on transdermal permeation demonstrated that the stratum corneum (SC) lipid lamellae are well represented by octanol/water system. In these studies the correlation between steroids partitioning into lipid bilayer of Hairless Mouse Skin SC and their octanol/water partition coefficients was investigated in presence of chemical permeation enhancers. The data were consistent with the view that the enhancer polar head groups locate in the polar regions of SC lipid lamellae that are represented by water saturated octanol system. In their saturated systems the drug thermodynamic activity was unity i.e., all permeant molecules in the aqueous enhancer solutions are free as there was no kind of interaction between permeant and enhancer molecules. If a complexing agent was introduced in the system it appears to lower the thermodynamic activity of the drug. 3 In order to develop drug delivery systems providing variable drug delivery rates for steroids, complexing agents such as cyclodextrins can be used. Cyclodextrins are capable of forming inclusion complexes 4 with drugs. These non-covalent inclusion complexes can have physical, chemical and biological properties that are different from those of either the parent drug or cyclodextrin. These complexes can improve the chemical stability and/or the aqueous solubility of drugs [5] [6] [7] .
It is important to realize that the kinetics of inclusion complex formation and dissociation between a cyclodextrin and a drug molecule is fast. The half-lives for complex formation, dissociation are much less than one second. That is, inclusion complexation is dynamic process. 8 The thermodynamic activity or chemical potential of drugs in inclusion complexes is viewed as the principle parameter in drug permeation through biological membranes. In this study, the feasibility was examined of a novel silicone polymer-uptake method for the direct determination of corticosterone (as a model lipophilic drug) thermodynamic activity in 2hydroxy propyl-β-cyclodextrin. This silicone polymer was used as a reference phase for calculating the complexation-binding constant and consequently quantifying the free corticosterone concentration available to cross biological membranes with different complexing agent concentrations 
EXPERIMENTAL

METHODOLOGY
Determination of corticosterone partition coefficient by Silastic rubber sheets partitioning experiments
Prior to experiment, the SILASTIC® rubber sheets were rinsed with PBS. Exactly one gm of medical grade silicone polymer (cut into pieces of dimension < 2 mm) was added to each vial containing 1 ml of various CS concentration with or without 3 H-CS added in PBS from trace levels to CS solubility (0.23 mg/ml). The vials were left for 1-6 days to equilibrate in a shaking water bath at 37°. There was no significant difference between the partitioning data determined in the experiments with 2 to 6 days. Therefore, all experiments were carried out by leaving the vials for 4 days at 37°. After equilibrium was attained, aliquots from the aqueous phase were withdrawn and analyzed for 3 H-CS content by scintillation counter after dilution with 10 ml scintillation cocktail and for nonradiolabeled CS content by HPLC. Methanol (HPLC grade) / Water ratio of 66:34 was used as the mobile phase at a flow rate of 1.0 ml/min. The 3 H-CS or CS content of the silicone pieces was also determined after double extraction with absolute ethanol. The distribution of 3 H-CS as well as CS molecules between silicone and aqueous solution, described by the partition coefficient was determined.
Validation of partitioning experiments after ethanol pretreatment of silastic sheets
In order to validate the partition coefficient data obtained in the previous experiment, the silicone sheets were pretreated with different procedures regarding rinsing or boiling in ethanol. Then pretreated sheets were dried and cut into pieces for partition experiments.
Pretreatment of Silastic sheets Rinsing procedure
About 5 gm silicone rubber (cut into pieces of dimensions less than 2 mm) was rinsed with 15 ml boiling 95% ethanol for 10 sec. Almost all ethanol is rejected using disposable glass pipette and replaced with another 15 ml boiling alcohol for second rinse of about 10 sec. A third rinse with 20 ml boiling ethanol for 10 sec took place followed by three times rinse with boiling deionized water (about 15 ml for 10 sec each rinse) to remove any residual alcohol.
Boiling procedure
About 15 ml boiling 95% ethanol was added to 5 gm silicone rubber. The polymer was allowed to boil on hot plate for about 20 sec, then removed from heater and all ethanol was removed and replaced by 15 ml boiling alcohol and again the polymer was allowed to boil for another 20 sec. This procedure was repeated for the third time with 20 ml boiling ethanol for 20 sec. After removal of all ethanol, the polymer was rinsed three times with boiling deionized water (about 15 ml for 20 sec each rinse).
Boiling procedure under drastic conditions
Five grams polymer was allowed to boil in 95% ethanol on hot plate for about 15 min (ethanol was removed and replaced by 15 ml boiling alcohol about 5 to 6 times till 15 min boiling time acheived), then all ethanol removed and the polymer was rinsed five times with boiling deionized water (about 15 ml for 60 sec each rinse).
Drying of the silicone rubber
On aluminium foil, the polymer was left to dry for 2 hr in oven at 75°, then left on desk top at room temperature for 24-36 hr.
Partition experiments were carried out with the three differently pretreated polymer samples and CS partition coefficient was calculated in each case and compared to that obtained with non pretreated silastic sheets.
Preparation of silicone polymer
Sheets of silicone were prepared by mixing equal amounts of dimethylsiloxane elastomers under vacuum. The mixture was spread onto glass dishes and allowed to cure at 150° for 10 min in autoclave then left at room temperature for 24 hr prior to use. Discs of 7 mm diameter and 1 mm thickness were cut and weighed.
Detection of hydroxypropyl-cyclodextrin diffusivity in prepared silicone polymer
A colorimetric technique was used to detect the diffusivity of HP-β-CD in silicone discs. Vials containing 2 discs each in equilibrium with 2 ml 5% HP-β-CD solution in PBS, were left for 4 days. After that, the HP-β-CD content in aqueous phase was determined. The 2 ml solution in each vial was prepared for analysis by adding 500 µL of 1.0 M Na 2 CO 3 solution, followed by 200 µL of phenolphthalein standard solution. The volume was completed to 5 ml with PBS. In the control assays the sample was replaced by an equal volume of PBS. The color intensity was immediately measured at 550 nm against the blank at 25°. The HP-β-CD concentration was calculated from a calibration curve made by using 1-2000 µL of the HP-β-CD standard.
The prepared silicone polymer partitioning experiments with different cyclodextrin concentrations
The prepared silicone discs were placed in 2ml vials (2 discs per vial) and equilibrated with 1 ml solutions of various CS concentrations with or without 3 H-CS added in PBS from trace levels to CS solubility and with different concentrations of HPβCD present. The vials were left for 1-8 days to equilibrate in a shaker water bath at 37°. There was no significant difference between the partitioning data determined in the experiments with 2 to 8 days (data not shown). Therefore, all experiments were carried out by leaving the vials for 4 days at 37°. After equilibrium was attained, aliquots from the aqueous phase were withdrawn and analyzed for 3 H-CS content by scintillation counter and for nonradiolabeled CS content by HPLC. The 3 H-CS or CS content of the silicone discs was also determined after double extraction with absolute ethanol. The drugsilicone/ HPβCD partition coefficient was determined and used to calculate the complexation binding constant. The stability constant of complexation was calculated for both CS and 3 H-CS separately then compared with that obtained by ordinary solubility method.
Determination of CS/cyclodextrin binding constant by solubility method
Exactly 70 mg of CS previously recrystallized using ethanol was added to 8 ml of solutions of different concentrations of HPβCD in PBS, in screw capped Pyrex culture tubes. The tubes were shaken for 96 hr at 37° in a thermostatted water bath. The tubes were then centrifuged for 15 min at 3500 rpm, 1318 g. The clear supernatant solution was filtered through Millipore® filter previously saturated with the CS solution, and analyzed for CS concentration by HPLC. A phase-solubility diagram is constructed by plotting the total molar concentration of CS on the y-axis and the total molar concentration of cyclodextrin added on the x-axis. The stability constant (Kc) of CS/ HPβCD complexes was determined from the slope of phase-solubility diagram and the solubility of CS in PBS. The Kc value obtained by this method was compared to that obtained by the silicone uptake method in order to validate this new approach for determination of drugs thermodynamic activities in complexation.
Determination of 3 H-CS/cyclodextrin binding constant by octanol/PBS partitioning method
In 13 ml screw capped vials, exactly 2 ml of octanol was added to 2 ml 3 H-CS solution in PBS with and without 1 and 5% HPβCD. The experiments were carried out by leaving the vials for 4 days at 37°. After equilibrium was attained, 10 µl aliquots from the aqueous phase as well as octanol phase were withdrawn and analyzed for 3 H-CS content by scintillation counter. The partition coefficient of the radiolabeled drug between octanol and PBS and between octanol and HPβCD were determined and used for calculation of stability constant of the complexation (Kc). The value of Kc obtained by octanol/PBS partition method was compared to those obtained by silicone uptake and solubility methods.
Calculation of CS thermo-dynamic activity in HPCD inclusion complex
The thermodynamic activity of CS in the HPβCD inclusion complex at equilibrium was calculated from data obtained by silicone uptake method, solubility technique and octanol/PBS partition.
RESULTS AND DISCUSSION
Determination of corticosterone partition coefficient in Silastic rubber sheets /PBS system
The partition coefficient (K) of non-radiolabelled corticosterone (CS) as well as radiolabelled drug ( 3 H-CS) was determined using organic/ aqueous system. The organic phase was represented by pieces of Silastic® rubber sheets rinsed with PBS prior to use. Silicone polymer was selected as an inert polymer for its great diffusivity for organic molecules.
In literature, thin 0.006-inch thickness polyethylene discs, named Sallee's discs, were used to measure monomer activities of fatty acids in micellar solutions. 9 There are other reports on measuring oleic acid and cholesterol uptake using Sallee's discs. 10 Details of equilibrium times and whether oleic acid and cholesterol interact in the polyethylene discs were not discussed by these investigators. However, the diffusivities for organic molecules in silicone polymer are two orders of magnitude greater than in polyethylene. 11 Therefore, silicone polymer was used in this study as a suitable organic phase for corticosterone partition coefficient determinations. The distribution coefficient K of CS molecules between silicone and aqueous solution was determined according to eq. (1). 
Where dpm SP and dpm Aq are the total radioactivity count expressed by dpm (disintegration per minute) units in silicone and aqueous phases respectively.
The results in Table (1) show that the k value of CS in silicone/PBS system was 0.46 ± 0.022 while that of 3 H-CS in the same system was around unity. This discrepancy in results was not expected, as trace level radioactive species represents the non radiolabelled drugs-behavior. [12] [13] [14] [15] Therefore, the partition experiments were repeated after ethanol pretreatment of silastic sheets. The results in Table ( 2) demonstrate that for CS partition in silicone, the K value was changing with polymer pretreatment. It was 0.513 ± 0.032 after rinsing the polymer with boiled ethanol for 10 sec compared to 0.46 ± 0.022 after rinsing with PBS (Table  1) . Also, the data in Table ( 2) show that the K value increased to 0.709 ± 0.019 and 0.865 ± 0.003 with boiling the polymer in ethanol for 20 sec and 15 min, respectively. These results show the silicone pretreatmentdependent changes in the uptake of CS by the silicone polymer. However, the 3 H-CS uptake by silicone polymer was not affected by silicone pretreatment. The K value of 3 H-CS was constant and remained close to unity in all experimental conditions (data not shown).
The reason of discrepancy with commercial silicone sheet (Silastic®) may be due to presence of silica filler, and this filler was partially or completely removed with pretreatment of the polymer with ethanol. Removing this kind of impurity increases CS diffusivity in the polymer and consequently affects the quality of data obtained in CS partitioning experiments. However, this filler has negligible effect on diffusivity of 3 H-CS in polymer due to the very small amounts of radioactive drug in the experiment and accordingly the small amounts diffused in silicone. Therefore it was important to find a method that measure the diffusivity of drugs from trace level to saturation i.e., independent on drug concentration. Silicone discs were prepared in this study and were used to determine the binding constant of complexation between CS and HPβCD. The data in Table ( 3) showed the constant K obtained with different pretreatment conditions of prepared silicone discs. Also the K value of CS was the same as that of trace level. The results show the validity of prepared silicone discs to determine the partition coefficient of CS at saturation as well as unsaturation.
The prepared silicone polymer partitioning experiments with different cyclodextrin concentrations
The cyclodextrin diffusivity in the prepared silicone discs was measured and there was no measurable depletion of HPβCD in the aqueous layer due to the uptake of HPβCD into silicone within the sensitivity limit of the colorimetric assay. This result indicates that there is no interaction between the prepared silicone polymer and the cyclodextrin used in this study. The CS silicone/ HPβCD partition coefficient (K x ) in X cyclodextrin concentration was determined and used to calculate the complexation binding constant. Where K x is CS partition coefficient in Silicone/ HPβCD system, A sp is the amount in moles of CS in the silicone elastomer. A aq,total represents the total amount (in moles) of free CS plus solubilized or complexed CS in aqueous phase, Wt SP and Wt Aq are the weight in grams of silicone pieces and aqueous cyclodextrin solution. The K x value for radiolabelled drug obtained by measuring the radioactive count in both silicone and aqueous phases. After obtaining K and K x values, the stability constant of complexation was calculated for both CS and 3 H-CS separately then compared with that obtained by ordinary solubility method.
Determination of CS/cyclo-dextrin stability constant of complexation by silicone uptake method
The CS/cyclodextrin stability constant of complexation Kc can be calculated from the measured concentration of total CS in cyclodextrin solution as well as the amount of CS in silicone polymer, using the equation: 8
Where S 0 is the molar intrinsic CS solubility, S t is the total molar CS concentration in presence of total molar HPβCD concentration (L t ).
This Kc value was later used for calculating the free CS concentration.
Determination of 3 H-CS/cyclodextrin stability constant of complexation by silicone uptake method
The 3 H-CS/cyclodextrin stability constant of complexation Kc can be calculated from the equation:
Where, K is 3 H-CS partition coefficient in silicone/PBS system, K X is the 3 H-CS partition coefficient in silicone/aqueous HPβCD system, Kc (as in eq. 4) is the stability constant of the complex and L f is the free molar HPβCD concentration in aqueous phase. For partitioning experiments in which only 3 H-CS was used L f ≈ L t.
Calculation of the concentration of free CS in cyclodextrin
The concentration of free CS in the cyclodextrin solution is determined from the following equation: total , aq x free , aq
Where C aq,total was measured by HPLC during determination of Kx (eq. 3), also the K and Kx values were previously determined.
Calculation of the concentration of free 3 H-CS in cyclodextrin
The Kc value obtained from eq. (5) was used to calculate the free 3 H-CS in cyclodextrin solution by the following equation: 
Determination of CS/cyclo-dextrin binding constant by solubility method
A phase-solubility diagram (Fig.  1) is constructed by plotting the total molar concentration of CS on the yaxis and the total molar concentration of cyclodextrin added on the x-axis. The stability constant (Kc) of CScyclodextrin complexes was estimated from the slope of phasesolubility diagram and the solubility of CS in PBS (So). The stability constant was calculated according to equation (8) Where S 0 is the molar intrinsic drug solubility. In case of A L -type diagram (linear diagram), the Kc was determined from the solubility data and used for calculating the free corticosterone concentration.
Table (4) shows the values of the complexation binding constant (Kc) obtained at saturation and at trace levels in 1 and 5% HPβCD with the silicone polymer partitioning method.
The results show that all the data are consistent with a one-to-one complex governing the equilibrium behavior from trace levels to saturated solutions. Kc values calculated from the silicone partitioning method (357 to 369 (M) -1 ) are also consistent with the value obtained from the solubility data (~350 (M) -1 ). This shows the appropriateness of using a single binding constant (Kc = 360 (M) -1 ) for the inclusion complex from trace levels of CS to saturation in calculating the free CS concentration.
Determination of 3 H-CS/ cyclodextrin binding constant by octanol/PBS partitioning method
The values of Kc obtained at trace levels in 1 and 5% HPβCD with the octanol/PBS partitioning method represented in Table ( 5) . The results show that the Kc values calculated from this method (247 to 274) deviate from those obtained from both silicone uptake and solubility techniques. This result revealed that the old concept of organic/aqueous liquid phases i.e., octanol/water, partitioning becomes inadequate in describing drugs thermodynamic activity in complexes. In such partitioning experiments any complexing agent with a lipophilic cavity such as cyclodextrins, may interact with the liquid organic phase affecting the quality of partition data obtained.
Calculation of CS thermodynamic activity in HPCD inclusion complex
The thermodynamic activity of CS, A T , in the HPβCD inclusion complex at equilibrium was calculated from data obtained by silicone uptake method (data shown in Table 6 ), based on eq. (9): 17
Where C 0 is the C sp,Eq value at corticosterone saturation. Equation (9) follows from the convention that a solution in equilibrium with corticosterone is at unit activity. The results revealed that CS thermodynamic activity in complex measured with silicone uptake method was 0.25 and 0.9 in 1 and 5% HPβCD solutions, respectively. These values were constant at saturation (Column 3 of Table 6 ) as well as at trace level of radiolabeled drug (Column 5 of Table 6 ).
In solubility experiments the A T was calculated from eq. (10) and demonstrated in Table (7) . Where, F is a correction factor, S x and S o are the solubilities of nonradioactive CS in cyclodextrin and PBS, respectively. While A T was calculated from Octanol/ PBS partition coefficient by eq. (11) and the values have shown in Table ( 8) .
Where K o is the Octanol/ PBS partition coefficient of CS in absence of cyclodextrin while K x is the Octanol/ PBS partition coefficient of CS at x cyclodextrin concentration. The results shows that the drug thermodynamic activity was constant for each cyclodextrin concentration, in all measuring methods revealing the validity of silicone polymer to measure lipophilic drugs thermodynamic activity. The discrepancy obtained in binding constant value measured by octanol/PBS partition method ( Table  5 ) was due to interaction between cyclodextrin and octanol. However, this deviation in Kc was so small that it has no effect on CS-A T calculation ( Table 8 ). May be this will not be the case with highly lipophilic drugs that have higher Kc values in cyclodextrins (Kc ≥1000). 33.28 ± 0.02 (K) ------------------------1
11.19 ± 0.01 0.0072 274.17 (n = 5) 5
3.36 ± 0.01 0.036 247.35 (n = 6) * For 3 H-CS partition experiments L f ≅ the total molar cyclodextrin concentration. ** Determined by Eq. (5) and used to calculate the free radioactive CS in presence of cyclodextrin. Correction factor F* CS thermodynamic activity (A T ) = 1/F 0 33.28 ± 0.02 (K) ------1 1
11.19 ± 0.01 3.97 0.25 5
3.36 ± 0.01 10.9 0.091 * Determined from Eq. (11) .
Conclusion
The objective of this research is to investigate a direct method for calculation of free drug that affect permeability behavior with complexation. As revealed from the present study it can be concluded that; silicone uptake method is valid to calculate the binding constant of complexation (Kc) at saturation as well as lower drug concentration represented by radiolabelled drug.
Silicone as lipophilic inert solid phase mimic the behavior represented by biological membranes or stratum corneum (SC) as the amount of drug partitioned in this polymer represent what will be actually partitioned in phospholipids bilayer of membranes and SC in presence or absence of complexing agents. In contrast to octanol/water liquid system in which a complexing agent with lipophilic cavity can interact with the organic phase (octanol) leading to result variation in partition coefficient data. In contrast to solubility technique that applied only at saturation and with A L solubility type.
